Abstract: Electron overflow is one of the key factors that limit the quantum efficiency for AlGaN-based deep-ultraviolet light-emitting diodes. In this work, we report a numerical study to improve the electron injection efficiency by manipulating the electric field profiles via doping the n-Al 0.60 Ga 0.40 N electron source layer with different concentrations and reveal the physical mechanism of the Si doping effect on the electron and the hole injection. By utilizing the appropriate doping concentration, the electric field will reduce the electron drift velocity and, thus, the mean free path. Therefore, a higher electron capture efficiency by the multiple quantum wells (MQWs) and an increase of the hole concentration in the active region can be realized, resulting in an improved radiative recombination rate and an optical output power.
Introduction
AlGaN-based deep-ultraviolet light-emitting diodes (DUV LEDs) have received considerable attention due to their promising applications in scopes, including air purification, water sterilization, biomedicine, ultraviolet (UV) curing, gas sensing, optical data storage, and communication [1] . However, DUV LEDs are still facing the challenge of low internal quantum efficiency (IQE), which is in the range of 50~80% and is obtained by low temperature photoluminescence measurement [2] . The IQE can be even lower if the device is electrically driven. As reported, the electron mobility is as high as 500 cm 2 /Vs, which means electrons easily overflow from the MQW active region. The electron leakage causes low electron injection efficiency and is deemed as one of the main origins leading to the low IQE for DUV LEDs [3] . Therefore, it is required to reduce electron overflow. The electron leakage rate can be suppressed if more electrons are involved in the process of the radiative recombination with holes, which, however, can be achieved by increasing the hole injection efficiency [4] , e.g., utilizing the p-type doped quantum barrier (QB) [5] . It is useful to reduce the electron accumulation at the interface between the last QB and the p-type electron blocking layer (p-EBL) by using the polarization self-screened
Structures and Parameters
To reveal the impact of different Si doping concentrations on the electric field profile within the n-Al 0.60 Ga 0.40 N depletion region and the corresponding carrier injection efficiency, we designed DUV LED devices, as shown in Figure 1 . The electron source layer was a 4 µm thick n-Al 0.60 Ga 0.40 N layer and the effective electron concentration was set to 1.0 × 10 18 cm −3 , except for the region labeled as "X region" in Figure 1 . The X region has different Si doping concentrations for the DUV LEDs, i.e., the 0.1 µm thick X region had electron concentrations ranging from 9.0 × 10 16 cm −3 to 4.0 × 10 20 cm −3 . The active region for all three DUV LEDs contained five periods of Al 0.45 Ga 0.55 N/Al 0.55 Ga 0.45 N MQWs, with a well thickness and barrier thickness of 3 nm and 10 nm, respectively. Then, a 10 nm thick p-Al 0.65 Ga 0.35 N EBL, with the effective hole concentration of 7.0 × 10 16 cm −3 , was adopted on top of the MQWs. The p-EBL was then followed by a 50 nm thick p-type Al 0.40 Ga 0.60 N layer, with an effective hole concentration of 9.0 × 10 16 cm −3 . Lastly, a 50 nm thick p-GaN layer, with an effective hole concentration of 1.0 × 10 17 cm −3 was caped on the p-type Al 0.40 Ga 0.60 N layer. The mesa size for the three devices was set to 350 × 350 µm 2 . Figure 2 shows the underlying mechanism for manipulating the electric field in then-Al 0.60 Ga 0.40 N layer. The electric field (E) can be formulated by E = σ/ε = N dopant ·l depletion /ε, from which we know that the magnitude of the electric field (E) is determined by the ionized donor concentration (N dopant ), the width of the depletion region (l depletion ), and the dielectric constant (ε). The product of N dopant and l depletion produces the sheet charge density (σ). One can increase the electric field magnitude by increasing σ or reducing ε. In this study, the AlN composition for the X region was unchanged, resulting in a constant ε. Hence, this work probes the impact of the Si doping concentration in the X region on the electric field magnitude. Once the Si doping concentration in the X region decreases, the value of l depletion will become larger [see Figure 2a 2 ]. On the other hand, l depletion will decrease if the Si doping concentration in the X region increases [see Figure 2b 2 ]. Considering the higher ionization energy for the Si dopants that are doped into the Al-rich n-Al 0.60 Ga 0.40 N layer, this work sets the effective Si doping concentration (i.e, N dopant ) within the range from 9.0 × 10 16 cm −3 to 4.0 × 10 20 cm −3 . Then, we attempted to identify a feasible way to increase the σ in this work. unchanged, resulting in a constant ε. Hence, this work probes the impact of the Si doping concentration in the X region on the electric field magnitude. Once the Si doping concentration in the X region decreases, the value of ldepletion will become larger [see Figure 2a2 ]. On the other hand, ldepletion will decrease if the Si doping concentration in the X region increases [see Figure 2b2 ]. Considering the higher ionization energy for the Si dopants that are doped into the Al-rich n-Al0.60Ga0.40N layer, this work sets the effective Si doping concentration (i.e, Ndopant) within the range from 9.0 × 10 16 cm −3 to 4.0 × 10 20 cm −3 . Then, we attempted to identify a feasible way to increase the σ in this work. unchanged, resulting in a constant ε. Hence, this work probes the impact of the Si doping concentration in the X region on the electric field magnitude. Once the Si doping concentration in the X region decreases, the value of ldepletion will become larger [see Figure 2a2 ]. On the other hand, ldepletion will decrease if the Si doping concentration in the X region increases [see Figure 2b2 ]. Considering the higher ionization energy for the Si dopants that are doped into the Al-rich n-Al0.60Ga0.40N layer, this work sets the effective Si doping concentration (i.e, Ndopant) within the range from 9.0 × 10 16 cm −3 to 4.0 × 10 20 cm −3 . Then, we attempted to identify a feasible way to increase the σ in this work. Figure 2. Schematic energy diagrams and electric field profiles within the heterojunction interface for the structures (a) with a low Si doping concentration in the X region and (b) with a high Si doping concentration in the X region. E c , E v , E fe , and E fh represent the conduction band, the valence band, the quasi-Fermi levels for electrons, and holes, respectively.
The numerical calculations were conducted by using Advanced Physical Models of Semiconductor Devices (APSYS). Firstly, the polarization level was set to 40% [18] . The Auger recombination coefficient
4 of 8 was set to 1.0 × 10 −30 cm 6 s −1 [19] and the Shockley-Read-Hall (SRH) recombination lifetime in the MQWs was assumed to be 10 ns [19] . The energy band offset ratio for Al x Ga 1-x N/Al y Ga 1−y N heterojunction was set to 50/50 [20] .The electron effective mass for the AlGaN material was obtained by conducting linear extrapolation between the electron effective mass for the AlN material and the electron effective mass for the GaN material [21] , and the calculated values for the effective electron mass were consistent with the report in Ref. [22] . Our calculation programs could solve Poisson's equation, Schrödinger equation, and the current-continuity equation self-consistently. Other parameters on nitrogen-containing III-V semiconductors can be found elsewhere [23] . Figure 3 shows the optical output power for DUV LED structures with different Si doping concentrations in the X region, from which we can see that the optical output power first increases to a maxima and then decreases as the Si doping concentration level in the X region further increases. The improved optical power can be ascribed to the enhanced electron injection efficiency, which was caused by the modulated electric field and the reduced electron mean free path. However, with further increases of the Si doping concentration, the optical output power tended to decrease. The main reason for this is that the hole concentration in the MQWs was reduced. The origin of the carrier injection efficiency variation and the impact on the radiative recombination rate within the MQW region will be discussed subsequently. To better interpret the observations in Figure 3 , we selectively doped the 0.1 µm thick X region with 9.0 × 10 16 The numerical calculations were conducted by using Advanced Physical Models of Semiconductor Devices (APSYS). Firstly, the polarization level was set to 40% [18] . The Auger recombination coefficient was set to 1.0 × 10 −30 cm 6 s −1 [19] and the Shockley-Read-Hall (SRH) recombination lifetime in the MQWs was assumed to be 10 ns [19] . The energy band offset ratio for AlxGa1-xN/AlyGa1−yN heterojunction was set to 50/50 [20] .The electron effective mass for the AlGaN material was obtained by conducting linear extrapolation between the electron effective mass for the AlN material and the electron effective mass for the GaN material [21] , and the calculated values for the effective electron mass were consistent with the report in Ref. [22] . Our calculation programs could solve Poisson's equation, Schrödinger equation, and the current-continuity equation self-consistently. Other parameters on nitrogen-containing III-V semiconductors can be found elsewhere [23] . Figure 3 shows the optical output power for DUV LED structures with different Si doping concentrations in the X region, from which we can see that the optical output power first increases to a maxima and then decreases as the Si doping concentration level in the X region further increases. The improved optical power can be ascribed to the enhanced electron injection efficiency, which was caused by the modulated electric field and the reduced electron mean free path. However, with further increases of the Si doping concentration, the optical output power tended to decrease. The main reason for this is that the hole concentration in the MQWs was reduced. The origin of the carrier injection efficiency variation and the impact on the radiative recombination rate within the MQW region will be discussed subsequently. To better interpret the observations in Figure 3 Figure 4 presents the electric field profiles in the X region and the first quantum barrier/quantum well (QB/QW) for Structures A, B, and C, respectively. We can find that the depletion region in the X region for Structure C was shorter than that for Structures A and B, which is ascribed to the larger Si doping concentration level. Note, the depletion layer in the X region for Structure A also completely lies in the 0.1μm thick X region. Meanwhile, the electric field intensity for Structure C was also the strongest among the three DUV LEDs and the electric field intensity in the X region for Structure A was the smallest. Therefore, from Figure 4 , we can conclude that the electric field intensity in the X region can become high by increasing the Si doping concentration in the n-Al0.60Ga0.40N layer. Meanwhile, the electric field in the X region for all the three devices was Figure 4 presents the electric field profiles in the X region and the first quantum barrier/quantum well (QB/QW) for Structures A, B, and C, respectively. We can find that the depletion region in the X region for Structure C was shorter than that for Structures A and B, which is ascribed to the larger Si doping concentration level. Note, the depletion layer in the X region for Structure A also completely lies in the 0.1 µm thick X region. Meanwhile, the electric field intensity for Structure C was also the strongest among the three DUV LEDs and the electric field intensity in the X region for Structure A was the smallest. Therefore, from Figure 4 , we can conclude that the electric field intensity in the X region can become high by increasing the Si doping concentration in the n-Al 0.60 Ga 0.40 N layer. Meanwhile, the electric field in the X region for all the three devices was directed to the [0001] orientation, which helps to reduce the kinetic energy and the drift velocity for the free electrons. By doing so, the quantum wells can capture the electrons more efficiently, leading to a reduced electron leakage level [12] [13] [14] . directed to the [0001] orientation, which helps to reduce the kinetic energy and the drift velocity for the free electrons. By doing so, the quantum wells can capture the electrons more efficiently, leading to a reduced electron leakage level [12] [13] [14] . , the energy that the electrons lose (W) for Structures A, B, and C can be obtained. Here, q represents the unite electronic charge and E(x) represents the electric field profiles that are shown in Figure 4 for the three investigated DUV LEDs. The integration range is denoted as x. By referring to the electric field profiles in Figure 4 , the energy loss was calculated to be 150.61 meV for Structure A, 316.83 meV for Structure B, and 372.07 meV for Structure C. Therefore, the electron kinetic energy of structure C was the smallest and the electron deceleration effect for Structure C was the strongest. Consequently, the MQWs have the strongest ability to capture electrons [12] [13] [14] , while the electron capture efficiency of the MQWs for Structure A is the lowest that will be shown subsequently. Figure 5a shows that Structure C has the highest electron concentration and Structure A has the lowest electron concentration in the MQWs. The electron concentration agrees with the physical mechanism discussed earlier that the modulated electric field decelerates the electrons and then enhances the ability for the MQWs to capture electrons. It is questionable that the high Si doping concentration in the X region also contributes to the large electron concentration levels in the MQWs for Structure C, disregarding the reduced electron kinetic energy. Nevertheless, the ambiguity can be further clarified by showing Figure 5b . Figure 5b illustrates that, in spite of the highest Si doping concentration in the X region for the n-Al0.60Ga0.40N layer, the electron leakage level for Structure C is the smallest among the three investigated DUV LEDs. The suppressed electron leakage level was exactly due to the deceleration effect to the electrons in the n-AlGaN layer [14] . Because the electrons cannot lose adequate energy in the X region for Structure A, the largest electron leakage level was observed in the hole supplier layer, according to Figure 5b . Although Structure C yields the smallest electron leakage current, the optical output power decreases, according to Figure 3 .
Results and Discussions

To examine the origins for the observed decrease in the optical output power for Structure C, as compared with that for Structure B in Figure 3 , we show, in Figure 5c , the hole distribution in the MQWs for the three structures. Although both Structure B and Structure C have a smaller hole concentration than Structure A in the first quantum well (QW), the hole distribution across the MQWs for Structure B and Structure C were more uniform, with Structure B possessing the highest hole concentration, addressing the observed highest optical output power for Structure B. Note, the hole concentration in the first quantum well for Structure A was the largest, which is because of the fact that the smaller Si doping concentration in the "X region" produced fewer ionized Si + dopants to compensate for the polarization induced negative charges at the n-Al0.60Ga0.50N/Al0.55Ga0.45N By following the equation of W = x 0 q × E(x)dx, the energy that the electrons lose (W) for Structures A, B, and C can be obtained. Here, q represents the unite electronic charge and E(x) represents the electric field profiles that are shown in Figure 4 for the three investigated DUV LEDs. The integration range is denoted as x. By referring to the electric field profiles in Figure 4 , the energy loss was calculated to be 150.61 meV for Structure A, 316.83 meV for Structure B, and 372.07 meV for Structure C. Therefore, the electron kinetic energy of structure C was the smallest and the electron deceleration effect for Structure C was the strongest. Consequently, the MQWs have the strongest ability to capture electrons [12] [13] [14] , while the electron capture efficiency of the MQWs for Structure A is the lowest that will be shown subsequently. Figure 5a shows that Structure C has the highest electron concentration and Structure A has the lowest electron concentration in the MQWs. The electron concentration agrees with the physical mechanism discussed earlier that the modulated electric field decelerates the electrons and then enhances the ability for the MQWs to capture electrons. It is questionable that the high Si doping concentration in the X region also contributes to the large electron concentration levels in the MQWs for Structure C, disregarding the reduced electron kinetic energy. Nevertheless, the ambiguity can be further clarified by showing Figure 5b . Figure 5b illustrates that, in spite of the highest Si doping concentration in the X region for the n-Al 0.60 Ga 0.40 N layer, the electron leakage level for Structure C is the smallest among the three investigated DUV LEDs. The suppressed electron leakage level was exactly due to the deceleration effect to the electrons in the n-AlGaN layer [14] . Because the electrons cannot lose adequate energy in the X region for Structure A, the largest electron leakage level was observed in the hole supplier layer, according to Figure 5b . Although Structure C yields the smallest electron leakage current, the optical output power decreases, according to Figure 3 . Figure 6 presents the radiative recombination rate in the MQWs at the current of 35mA for the three DUV LEDs. It is apparent from Figure 6 that Structure B was better than the other two structures in the overall radiative recombination rate. The poorest overall radiative recombination rate was given by Structure A. These results agree well with the optical output power in Figure 3 . Please note that, although Structure C was beneficial for enhancing the electron injection efficiency, the hole concentration in the MQWs of Structure C was smaller than that of Structure B from Figure  5c , leading to a lower radiative recombination rate when compared with Structure B. To examine the origins for the observed decrease in the optical output power for Structure C, as compared with that for Structure B in Figure 3 , we show, in Figure 5c , the hole distribution in the MQWs for the three structures. Although both Structure B and Structure C have a smaller hole concentration than Structure A in the first quantum well (QW), the hole distribution across the MQWs for Structure B and Structure C were more uniform, with Structure B possessing the highest hole concentration, addressing the observed highest optical output power for Structure B. Note, the hole concentration in the first quantum well for Structure A was the largest, which is because of the fact that the smaller Si doping concentration in the "X region" produced fewer ionized Si + dopants to compensate for the polarization induced negative charges at the n-Al 0.60 Ga 0.50 N/Al 0.55 Ga 0.45 N interface. This results in less hole depletion in the first quantum well when compared with Structures B and C. Figure 6 presents the radiative recombination rate in the MQWs at the current of 35mA for the three DUV LEDs. It is apparent from Figure 6 that Structure B was better than the other two structures in the overall radiative recombination rate. The poorest overall radiative recombination rate was given by Structure A. These results agree well with the optical output power in Figure 3 . Please note that, although Structure C was beneficial for enhancing the electron injection efficiency, the hole concentration in the MQWs of Structure C was smaller than that of Structure B from Figure 5c , leading to a lower radiative recombination rate when compared with Structure B. Figure 6 presents the radiative recombination rate in the MQWs at the current of 35mA for the three DUV LEDs. It is apparent from Figure 6 that Structure B was better than the other two structures in the overall radiative recombination rate. The poorest overall radiative recombination rate was given by Structure A. These results agree well with the optical output power in Figure 3 . Please note that, although Structure C was beneficial for enhancing the electron injection efficiency, the hole concentration in the MQWs of Structure C was smaller than that of Structure B from Figure  5c , leading to a lower radiative recombination rate when compared with Structure B. 
Conclusions
In summary, we reveal that different Si doping concentrations in the n-Al 0.60 Ga 0.40 N layer can influence the electric field intensity for [0001] oriented DUV LEDs. According to our study, the electric field intensity in the n-Al 0.60 Ga 0.40 N layer can become large by increasing the Si doping concentration level. The large electric field intensity can reduce the kinetic energy for the free electrons, which then helps to improve the electron injection efficiency for the MQW region. However, excessive Si doping concentration obstructs the hole transport. Therefore, it is important to optimize the Si doping concentration in the n-Al 0.60 Ga 0.40 N layer to effectively enhance the optical output power. We believe the proposed approach and the physical concept are very useful for the community to further understand the device physics and enhance the quantum efficiency for DUV LEDs.
